Abstract: Solid-core photonic crystal fibers with the core derived from nondoped or Erbium-doped sol-gel silica rods are fabricated. The results demonstrate that the direct polymeric sol-gel route constitutes a promising method to prepare large high quality glass pieces that can be integrated into microstructured optical fibers suitable for passive and active optical fiber applications.
Introduction
Microstructured optical fibers, also known as photonic crystal fibers (PCFs) or holey fibers, have attracted growing interest during the last two decades owing to their wide range of optical properties accessible thanks to a freedom of designs that cannot be achieved with conventional fibers [1] [2] [3] [4] [5] . Due to these characteristics, they found a large variety of applications ranging from optical communication to light sources or sensing [6] . A welldocumented example of PCF geometry is high index core air/glass fiber, which contains, in its cladding, air holes extending along the entire fiber length and regularly arranged around a solid core. In this case, no refractive index profiling of the glass is required, light confinement being performed by the air holes. Even if this geometry made it possible to exploit all kinds of materials for the realization of PCFs, most of the realizations are based on air/silica arrangements, with a core composed of silica or doped silica glass. High purity silica used for these realizations is generally synthesized using techniques developed for conventional silica fibers, namely MCVD, VAD, or OVD [7] . Those methods lead to very good optical properties but, due to the nature of the halide precursors generally used, they impose to use high temperature conditions not compatible with the incorporation of a wide range of doping and without easy control of doping incorporation. For example, it is difficult, with these techniques, to achieve glass pieces with large cross sections (diameter larger than 2 mm) homogeneously doped with elements like rare-earth ions that are needed for very high power fiber lasers. In order to propose an alternative approach, the use of the sol-gel process combined to PCF geometry could constitute an attractive method because both reactions and sintering of sol-gel silica can be carried out at low temperatures compared to those required for gaseous techniques. It also gives the possibility to control the composition, the homogeneity and reach a high concentration doping of the material [8, 9] . In this context, solgel silica rods with a large cross section (diameter larger than 1 cm) may be used as starting materials for the construction of PCFs.
There are two sol-gel approaches. The most often used for the fabrication of silica monoliths is called the colloidal route, which uses fumed silica particles in solution as starting material [10] [11] [12] . In this case, the gel formation is the result of hydrogen bonds between colloidal particles and the liquid, leading, after drying, to a porous structure characterized by random packing of spheres and shapeless aggregates. These characteristics make the continuous glass network formation only at sintering. The colloidal method has been employed recently in order to produce pure silica glasses [13] . It starts with fumed silica particles having specific surface area of 35-55 m 2 g 1 as the primary silica source. The dried porous gel presents pores with an average pore size around 100 nm and a surface area of 45 m 2 g 1 . These materials were densified and used to fabricate microstructured fibers. It is worthy to note that the low specific area of these materials and the large diameter of the pores are not suitable for the incorporation of high concentration of dopants. Moreover, they suffer from the same limitations encountered with conventional silica (melting or MCVD methods) when doped with rare-earth ions in terms of quenching phenomena [14] . Beside this, polymeric route uses molecular precursors (alkoxides) as starting materials, the gelation process being a result of chemical reactions. Hence, the glass network being formed during this stage at room or slightly elevated temperature, it ensures a more homogeneous material and low sintering temperature [15] . Up to now, rapid densification rates and high shrinkage have impeded the preparation of large monolithic glass pieces without cracks. These difficulties have limited the use of the sol-gel polymeric route to the production of small glass samples of few millimeters dimensions or to the deposition of thin films [16] . However, recently we have demonstrated that the polymeric sol-gel route is a convenient method to prepare monolithic cracks-free silica nanoporous xerogels. These xerogels were successfully sintered in rod-shaped silica glasses of a few centimeters in diameter, with a high conversion rate of nearly 100% [17] .
In this paper, we report on the use of the sol-gel polymeric route to prepare high purity silica glass rods for the realization of the core of a PCF. The optical properties of these sol-gel derived microstructured fibers are investigated in terms of losses and scattering. In addition, we report on preliminary results on the synthesis and characterization of Erbium-doped rods obtained via the sol-gel polymeric route and the use of these rods to fabricate a PCF with a pure silica Erbium-doped core. Effects of this synthesis on the spectroscopic properties of Erbium ions are discussed together with the results of the Erbium-doped PCF in amplification regime.
Experimental
Synthesis: For non-doped preforms, porous silica monoliths, shaped as rods, were prepared using a polymeric sol-gel technique from tetraethylorthosilicate (TEOS). The obtained xerogels were stabilized at 1000 °C before dehydration and densification to obtain glassy silica rods as already described elsewhere [17] .
For Er-doped preforms, the stabilized silica xerogels, which exhibit interconnected pores, were soaked in alcoholic solutions of an erbium salt for 48 h. Then, the samples were taken out and dried at 50 °C for several hours in order to remove solvents and to retain the erbium salt within the pores. The doped matrices were then dehydrated and densified under the same conditions as for non-doped preforms.
Scattering measurements: The scattered intensity was measured at 633 nm using a polarized He-Ne laser focused in order to achieve a uniform beam waist on the whole sample length. The sol-gel sample was immersed, together with a reference suprasil sample, into a glass tank filled with an index matching liquid. Both samples were mounted on the same translation stage, which allows the laser beam to probe them sequentially. The angular distribution of the scattered intensity for a given sample is also measured by a collecting arm, mounted on a goniometer, consisting in an afocal optical set-up that images the scattering volume on a photomultiplier tube after spatial filtering through a 500 µm slit.
SEM characterizations: SEM images were taken using a Hitachi TM-1000 instrument. Absorption measurements: For preforms, the absorption spectra were recorded at room temperature using a Perkin-Elmer lambda 19 UV-Vis-IR double beam spectrometer.
Attenuation measurements: The spectral attenuation of the fibers was measured by the conventional cut-back technique using a white light source and an optical spectrum analyzer. The fiber length used for this measurement was 120 and 2 m for non doped fiber and for Erdoped one respectively.
Photoluminescence measurements: The experiments on PL kinetics under pulsed excitation were performed in the photon-counting regime at room temperature with the use of For Er-doped PCFs, PL spectra have been recorded longitudinally on an optical spectrum analyzer in an all-fiber configuration by multiplexing a 977 nm pump source into the centimetric length fiber.
Amplification: Gain characteristics of the Er-doped PCF have been measured in an allfiber configuration by multiplexing into a 4.9 m long PCF a 977 nm pump source with a tunable laser diode (Agilent). Input/output spectra have been measured on an optical spectrum analyzer (Yokogawa) as a function of signal wavelength or pump power.
Results and discussion

Pure Sol-gel silica core PCF
Optical losses in glasses arise from both absorption and scattering phenomena. Usually, extrinsic absorption results from the presence of OH groups, transition metal ions or structural defect centers. Moreover, the presence of bubbles trapped inside the vitreous structure also constitutes a source of scattering. In order to obtain high-purity silica glass rods, xerogels prepared from TetraEthylOrthoSilicate (TEOS) at low hydrolysis ratio, were first stabilized at 1000°C in air to remove residual moisture and organics, and thereafter heat-treated under chlorine/oxygen atmosphere before densification. The consolidation process, leading to a dense transparent silica glass rod ( Fig. 1 ), is performed under helium atmosphere and is described elsewhere [17] . The level of residual OH in the obtained silica glass was determined, using FTIR spectroscopy, to be below 500 ppb. Moreover, no residual chlorine has been evidenced by Energy Dispersive X-ray Spectroscopy (EDS) analysis: the Si-Cl bonds are efficiently broken during the oxidation step and the gaseous Cl 2 is allowed to quit the matrix before the pore collapsing. In the case of sol-gel samples prepared without special care to limit the presence of bubbles or other impurities, the high scattering losses would strongly limit all tentative use of these samples in a waveguide structure. In order to have insight to the potential use of a solgel polymeric route glass for optical fiber realization, the scattering signal of the obtained glass was measured and compared to the one of a Suprasil grade silica glass (from Heraeus) used as a reference. If a pure Rayleigh scattering regime is observed, Rayleigh scattering coefficient of the sample under investigation can be deduced from the comparison with that of the Suprasil sample of known Rayleigh coefficient. Pure Rayleigh scattering regime is characterized by a symmetrical angular distribution of scattered light. It has to be pointed out that Rayleigh scattering is the most important factor for the determination of background losses in transmission windows of silica optical glasses. This elastic scattering, which occurs even in the purest silica glass, regardless of its synthesis process, is attributed to large domains of density fluctuations [18] . Concerning the sol-gel sample, the scattering level is comparable to the one arising from the Suprasil glass (Fig. 2) . Excluding the positions of the sol-gel rod interfaces and by averaging the signal intensity over the length of the sample, it is found that the scattering level of the rod-shaped silica glass produced using the polymeric sol-gel technique is about 3 times higher than the one of the Suprasil grade silica glass. The most probable origin of the excess scattering loss is the presence of residual nanopores in the solgel rod after densification. This could explain the slightly asymmetrical dependence of the scattered intensity as a function of angle, which underlines the non-pure Rayleigh scattering regime (Fig. 2) . In order to use this sol-gel silica rod as a fiber core, an air/silica PCF has been realized using the conventional Stack and draw process [19] . During the fabrication, the sol-gel rod has been heated several times at high temperatures. At first, it was fused at both ends to Suprasil F300 tubes (Heraeus Tenevo LLC) in order to make it long enough for our drawing facilities. It was then drawn into 1.6 mm diameter rods at about 2000°C. After that, the 25 mm diameter stack containing this rod in its center has been drawn into 4 mm canes at a furnace temperature of about 2060°C. Finally, one of these canes has been sleeved into an 8 mm diameter tube and drawn into the final fiber at about 2000°C. This fiber (SEM image presented in the inset of Fig. 3 ) has an outside diameter of 127 μm for a core diameter of 6.4 μm defined as the distance between two diametrally opposed holes. The pitch of the periodic cladding, Λ, and the diameter of the air holes, d, are 3.95 μm and 1.7 μm, respectively. Figure 3 presents the attenuation spectrum of the fabricated sol-gel PCF. At 1.55 µm, optical attenuation of this fiber is about 8 dB/km. This value is clearly higher than record attenuation reported in a similar PCF realized from VAD materials [20] and slightly higher than the one obtained for a sol-gel PCF realized by the colloidal route [13] . However, it is comparable to the values obtained for PCF fabricated from commercial pure silica at the same conditions on our drawing facilities. This attenuation spectrum also shows the OH-induced absorption peak of the order of 150 dB/km at 1380 nm. This attenuation value corresponds to an OH concentration of about 3 ppm [21] . The OH impurities in a PCF are composed of the inherent OH impurities in the raw silica glass and those on the surface of the holes, which diffuse into the core region of the PCF at high temperature during the fabrication process. Hence, at the same conditions of fiber drawing, the undoped sol-gel PCF presents similar properties as the one performed using conventional high purity silica, even though the scattering loss level in the starting sol-gel rod was measured to be 3 times higher than in the Suprasil. This result could be explained by the fact that, before the achievement of the sol-gel PCF, the sol-gel rod was heat-treated several times at 2000°C, which induces a collapsing of the remaining nanopores and hence the removal of the excess scattering loss discussed above. The PCF attenuation of about 8 dB km 1 at 1.55 μm could be mainly caused by the surface roughness of the holes along the entire PCF length [22] . Further reduction of the roughness in the process is needed to reduce the optical attenuation. In order to prepare an Erbium-doped rod, a post-doping of the xerogel has been performed through a solution doping process. This was made possible thanks to the presence of interconnected nanopores inside our silica matrix, as shown by gas sorption analysis [17] . To this purpose, silica xerogel rods, stabilized at 1000°C with a pore size distribution centered on 24 nm and a total pore volume of 0.57 cm 3 g 1 , were soaked with alcoholic solutions of different erbium salt concentrations. To sinter these doped nanoporous matrices, we adopted the chemical dehydration and densification method used for pure silica glass fabrication. The obtained rods have been named SiO 2 Er1, SiO 2 Er2 and SiO 2 Er3, corresponding to the different solution concentrations and hence to the final erbium molar concentrations in silica 300 ppm, 600 ppm and 900 ppm (Er/Si mol), respectively. These mean concentrations were estimated using electron probe microanalysis (EPMA) (Fig. 4) . One can note, except in the radial rod extremities, a quite homogeneous distribution of Erbium inside the cross section of the doped preform. single-exponential behavior with a lifetime of 12 ms. This value is higher than the lifetime of 8 ms measured in Er 3+ doped silica films [23] , and remains even higher than those reported in aluminosilicate glasses, which are about 10 ms [24] . It is important to note that this lifetime is obtained for a relatively high Erbium concentration (900 ppm) in pure silica, which indicates that no Er 3+ ions cluster exists in the sol-gel derived vitreous matrix. Up to now, for such a concentration (900 ppm), it was not possible to avoid the clustering of Er 3+ ions inside the pure silica prepared by conventional melting and MCVD or colloidal sol-gel methods [14, 25] . In the literature, there is only one report of conventional optical fibers doped with erbium prepared using colloidal sol-gel route, However, these fibers presented a high attenuation in the IR spectral range, preventing their use as amplifier media [26] . The PCFs drawn from rods SiO 2 Er1 and SiO 2 Er3, using the same process as for undoped PCF, were named PCFEr1 and PCFEr3 respectively. For these fibers, the cladding was a twodimensional photonic crystal made of silica with air holes running along the length of the fiber. The holes were arranged in a hexagonal honeycomb patterns across the cross section as shown in Fig. 6 . For example, the pitch of the periodic cladding and the diameter of the air holes are 4 μm and 1.5 μm, respectively for PCFEr1. Both attenuation and emission spectra of these fibers, shown in Fig. 7 , exhibit a main peak at 1535 nm, corresponding to the transition 4 I 13/2  4 I 15/2 of Er 3+ ions. The shape of the emission band is the same for both samples, indicating that Er 3+ ions occupy sites characterized by similar local surrounding, even though the Erbium ion concentration varies from 300 ppm to 900 ppm. This is another indication that Er 3+ ions are homogeneously distributed in the sol-gel derived silica matrix. Moreover, one can note that the Er-related absorption at 1535 nm (4.3 dB m 1 and 12 dB m 1 for the fibers PCFEr1 and PCFEr3 respectively) is in good agreement with the Erbium content determined in the associated rods using EPMA analysis. The amplification properties of the heavily doped fiber have been investigated in a 4.9 m length sample of PCFEr3 (900 ppm of Er). Figure 8a presents the gain profile of this fiber around 1.55 µm. A maximum gain of about 22.8 dB has been obtained at 1535 nm. At this wavelength, the pump power dependence of the gain has also been investigated, as shown in Fig. 8b . The saturated output gain in the range 23-25 dB was obtained from extrapolation of experimental data.
These interesting properties make the polymeric sol-gel-derived Er-doped silica PCF amplifier promising for applications under extreme conditions as photonic devices operating in space. Indeed, it has been shown recently that the presence of codoping atoms, such as Al or P, in conventional Er-doped fiber amplifier makes them more sensitive to extreme conditions [27] . Hence, one could expect that, as it is the case for pure silica PCF [28] , Erdoped pure silica PCF will be more resistant to extreme environment. Moreover, by using the polymeric sol-gel technique, glass pieces with large cross sections (diameter larger than 1 cm) homogeneously doped with elements like rare-earth ions can be achieved for very high power fiber lasers. Such sol-gel glass pieces could be used also to fabricate non-periodic structured fibers [29, 30] .
Conclusion
In conclusion, we have demonstrated that the polymeric sol-gel route can be used to fabricate a high-purity silica glass rod with good optical and mechanical properties. Thanks to these properties, the silica rod has been successfully integrated as a core in a PCF presenting good optical characteristics with optical losses around 8 dB km 1 at 1550 nm. This procedure has been extended to prepare a highly Erbium-doped silica rod (up to 900 ppm without Er 3+ ions clustering). These rods were used to fabricate Erbium-doped PCFs suitable as gain media, with a quite uniform distribution of erbium in the host matrix. Finally, using either a soldoping or a post-doping method by exploiting the presence of interconnected nanopores inside the stabilized silica xerogels, other active elements could be loaded before dehydration and consolidation to a doped silica glass, which can be incorporated inside active or passive PCF.
